Thompson J, Hu Y, Lesnefsky EJ, Chen Q. Activation of mitochondrial calpain and increased cardiac injury: beyond AIF release. Am J Physiol Heart Circ Physiol 310: H376 -H384, 2016. First published December 4, 2015; doi:10.1152/ajpheart.00748.2015.-Calpain 1 (CPN1) is a ubiquitous cysteine protease that exists in both cytosol and cardiac mitochondria. Mitochondrial CPN1 (mit-CPN1) is located in the intermembrane space and matrix. Activation of mit-CPN1 within the intermembrane space increases cardiac injury by releasing apoptosis-inducing factor from mitochondria during ischemia-reperfusion (IR). We asked if activation of mit-CPN1 is involved in mitochondrial injury during IR. MDL-28170 (MDL) was used to inhibit CPN1 in buffer-perfused hearts following 25-min ischemia and 30-min reperfusion. MDL treatment decreased the release of lactate dehydrogenase into coronary effluent compared with untreated hearts, indicating that inhibition of CPN1 decreases cardiac injury. MDL also prevented the cleavage of spectrin (a substrate of CPN1) in cytosol during IR, supporting that MDL treatment decreased cytosolic calpain activation. In addition, MDL markedly improved calcium retention capacity compared with untreated heart, suggesting that MDL treatment decreases mitochondrial permeability transition pore opening. In addition, we found that IR led to decreased complex I activity, whereas inhibition of mit-CPN1 using MDL protected complex I. Pyruvate dehydrogenase content was decreased following IR. However, pyruvate dehydrogenase content was preserved in MDL-treated mitochondria. Taken together, MDL treatment decreased cardiac injury during IR by inhibiting both cytosolic and mit-CPN1. Activation of mit-CPN1 increases cardiac injury during IR by sensitizing mitochondrial permeability transition pore opening and impairing mitochondrial metabolism through damage of complex I. 
CALPAIN 1 (CPN1, -calpain) and calpain 2 (CPN2, m-calpain) are two ubiquitous Ca 2ϩ -dependent cysteine proteases (20) . CPN1 and CPN2 are well-known cytosolic proteins (20, 37, 50) . Activation of cytosolic calpains contributes to cardiac injury during ischemia-reperfusion (IR) (7, 8, 18, 23, 53) . The potential mechanisms whereby activation of cytosolic calpains increase cardiac injury during IR include, but are not limited to, enzymatic degradation of ␣-fordin (23), Na ϩ -K ϩ -ATPase (25, 44) , Na ϩ /Ca 2ϩ exchanger (5, 29) , and cleavage of bid to its activated form (truncated bid, t-bid) (8) .
Recently, CPN1 has been found in heart, liver, and brain mitochondria (27, 37) . CPN2 is also identified in liver mitochondria (38) , as well as in rat heart mitochondria (42) . However, CPN2 is not present in purified mouse heart mitochondria (11, 14) . Mitochondrial CPN1 (mit-CPN1) has been identified in the intermembrane space (IMS) (14) . Activation of mit-CPN1 increases cardiac injury during IR by cleaving and facilitating the translocation of AIF (apoptosis-inducing factor), which is also located within the IMS, from mitochondria into cytosol and nucleus (14) . In addition to the IMS, recent work showed that mit-CPN1 is also located within the mitochondrial matrix. However, the function of mit-CPN1 within the matrix is not clear.
The mitochondrial permeability transition pore (MPTP) is a nonselective pore located on the inner mitochondrial membrane (IMM) (21, 51) . MPTP opening increases the permeability of the IMM that leads to loss of the IMM potential and impaired energy production that, in turn, increased cell injury during IR (21, 51) . The opening of MPTP also results in mitochondrial swelling that eventually ruptures the outer mitochondrial membrane and leads to the loss of proteins located the IMS, including cytochrome c and AIF (21, 51) . A release of cytochrome c and AIF from mitochondria into cytosol increases cardiac injury during IR (4, 14, 34) . Thus MPTP opening contributes a pivotal role in cell injury during IR (21, 51) . Although the exact composition of the MPTP remains under investigation, several components, including voltagedependent anion channel, adenine nucleotide translocase, and c-subunit of F 1 F 0 -ATPase, have been suggested (1) . In addition, cyclophilin D in the matrix contributes a critical role in regulation of MPTP opening (3). Since mit-CPN1 is located in both the IMS and the matrix, we propose that activation of mit-CPN1 sensitizes to MPTP opening during IR through interaction with mitochondrial components.
IR damages the mitochondrial electron transport chain (ETC), leading to cardiac injury (10, 34) . IR leads to decreased complex I (12, 32, 40, 47) and complex III activities (33) . The mechanisms of complex I damage during IR involved posttranslational modification and complex I subunit damage (6, 24, 28, 43) . We evaluated the role of activation of mit-CPN1 as a mechanism of complex I damage during IR. In addition to the ETC damage, IR also impairs metabolic enzyme activities within the mitochondrial matrix, including PDH (pyruvate dehydrogenase) (31, 49) . In buffer-perfused mouse hearts, IR dramatically decreases the protein content of PDH in mitochondria (54) . The mit-CPN1 exists in the matrix. We studied the potential contribution of the activation of mit-CPN1 within the matrix to PDH degradation during IR.
METHODS
Preparation of mouse hearts for perfusion. The Animal Care and Use Committees of the McGuire VA Medical Center and Virginia Commonwealth University approved the study. Male C57BL/6 mice (2-3 mo) were anesthetized with pentobarbital sodium (100 mg/kg ip) and anticoagulated with heparin (1,000 IU/kg ip). The mouse heart was quickly excised and perfused retrogradely via the aorta in the Langendorf mode with modified Krebs-Henseleit (K-H) buffer (115 mM NaCl, 4.0 mMKCl, 2.0 mM CaCl 2, 26 mM NaHCO3, 1.1 mM MgSO4, 0.9 mM KH2PO4, and 5.5 mM glucose), gassed with 95% O2/5% CO2 to adjust pH to 7.35-7.45 (12) . Hearts were paced at 420 beats/min. The cardiac function was monitored with a balloon inserted into the left ventricle, and data were recorded digitally with Powerlab (AD Instruments, Colorado Springs, CO). In the untreated IR group, hearts were perfused for 15-min equilibration with K-H buffer, including 0.001% DMSO as vehicle, followed by 25-min global ischemia at 37°C and 30-min reperfusion. In the MDL-28170 (MDL)-treated hearts, hearts were first perfused with K-H buffer, including 10 M MDL for 15 min. Then hearts underwent 25-min global ischemia and 30-min reperfusion. MDL was also present in K-H buffer during reperfusion (Fig. 1A) . In time control group, hearts were only buffer perfused without IR. Coronary effluent was collected during the entire reperfusion period in IR and MDL groups and during the last 30-min perfusion period in time control group for lactate dehydrogenase (LDH) measurement (12) . At the end of the experiment, the heart was harvested for mitochondrial isolation.
Isolation of mouse heart mitochondria. The mouse heart was placed in cold buffer A {composition in mM: 100 KCl, 50 MOPS [3-(N-morpholino)propanesulfonic acid], 1 EGTA, 5 MgSO4, and 1 mM ATP}. The heart was blotted dry, weighed, and homogenized using a polytron tissue homogenizer at 10,000 rpm for 2.5 s with trypsin (5 mg/g tissue). The homogenate was incubated for 15 min at 4°C, then the same volume of buffer B (buffer A ϩ 0.2% bovine serum albumin) was added, and the mixture was centrifuged at 500 g for 10 min. The supernatant was again centrifuged at 3,000 g to pellet mitochondria. The mitochondrial pellet was first washed with buffer B, then resuspended in KME (100 mM KCl, 50 mM MOPS, 0.5 mM EGTA), and centrifuged at 3,000 g to yield the final mitochondrial pellet. Mitochondria were resuspended in KME for study (47) .
Mitochondrial oxidative phosphorylation. Oxygen consumption in mitochondria was measured using a Clark-type oxygen electrode at 30°C, as previously described (47) . Mitochondria were incubated in 80 mM KCl, 50 mM MOPS, 1 mM EGTA, 5 mM KH 2PO4, and 1 mg defatted, dialyzed bovine serum albumin/ml at pH 7.4. Glutamate (20 mM) ϩ malate (10 mM) (complex I substrate), succinate (20 mM) plus 7.5 M rotenone (complex II substrate), and N,N,N=,N= tetramethyl-p-phenylenediamine (1 mM)-ascorbate (10 mM, complex IV substrate) ϩ rotenone were used. After incubation of mitochondria with substrates, ADP (0.2 mM) was added to stimulate respiration to measure rate of state 3. The rate of state 4 was recorded when ADP was converted to ATP. ADP (2 mM) was used to determine the maximal rate of ADP-stimulated respiration.
Calcium retention capacity in isolated mitochondria. Calcium retention capacity (CRC) was used to assess calcium-induced MPTP opening in isolated mitochondria (39) . CRC was evaluated in mitochondria (125 g/ml) incubated in medium containing 150 mM sucrose, 50 mM KCl, 2 mM KH 2PO4, 5 mM succinate, in 20 mM Tris·HCl, pH 7.4, by sequential pulses of 5 nmol calcium. Extramitochondrial Ca 2ϩ concentration was recorded with 0.5 M calcium Green-5N (Life Technologies), and fluorescence was monitored with excitation and emission wavelengths set at 500 and 530 nm, respectively (39) .
Inhibition of the mit-CPN1 using MDL in isolated and purified mitochondria. Administration of MDL to buffer perfused hearts inhibits both cytosolic and mitochondrial calpains (37) . To avoid the effect of cytosolic calpain activation on MPTP and PDH, trypsinpurified mouse heart mitochondria were used to test if inhibition of the mit-CPN1 with MDL decreased MPTP opening and protected PDH in mitochondria treated with exogenous calcium.
Measurement of mitochondrial inner membrane potential to reflect MPTP opening in purified mitochondria with exogenous calcium incubation. Since exogenous calcium was used to activate the mit-CPN1, this calcium exposure affects the calcium content calculation in the CRC determination in incubated mitochondria. Thus mitochondrial inner membrane potential (⌬), rather than the CRC, was used to reflect MPTP opening in exogenous calcium-treated mitochondria. The ⌬ was measured using the fluorogenic indicator TMRM (tetramethylrhodamine methyl ester) (13, 41) . Freshly isolated mitochondria (0.2 mg/ml) from nonischemic mouse hearts were incubated with exogenous calcium (50 and 100 M) for 20 min at 30°C in the presence or absence of MDL or cyclosporine A. Succinate was used to energize the mitochondria during incubation. At the end of incubation, mitochondria were sedimented using 5,000 g and resuspended in KME for the ⌬ measurement. The ⌬ was reflected by change of the TMRM fluorescence intensity before and after ADP addition (13) .
Measurement of mitochondrial calpain activity. The mit-CPN1 activity was determined using a commercially available kit: (QIA 120, Calbiochem, San Diego, CA) (9, 37). Succ-Leu-Tyr-AMC (7-amino-4-methylcoumarin) was cleaved by calpain to form a fluorescent product that is quantified (excitation: 380 nm; emission: 460 nm) (8) . Mitochondria (0.5 mg/ml) were incubated in reduced buffer in the presence of 5 mM CaCl2 and 20 M Succ-Leu-Tyr-AMC for 30 min at 30°C. MDL (3 and 10 M) was used as a CPN1 inhibitor. The intensity of fluorescence was determined (Victor 2, PerkinElmer, Waltham MA) (14, 37) .
Statistical analysis. Data are expressed as the mean Ϯ SE (45) . For all analyses, differences between groups were compared by one-way ANOVA. For cardiac functional analysis, differences between groups were compared by two-way ANOVA. When a significant F-value was obtained, means were compared using the Student-Newman-Keuls test of multiple comparisons. Statistical significance was defined as a value of P Ͻ 0.05.
RESULTS

Inhibition of calpain decreases cardiac injury in bufferperfused hearts during IR.
Cardiac injury was dramatically increased in buffer-perfused mouse hearts following 25-min ischemia ϩ 30-min reperfusion compared with time control, as shown by the decrease in left ventricular developed pressure (Fig. 1 , B and C) and increased LDH release into coronary effluent (Fig. 1D) . In contrast, MDL treatment markedly improved left ventricular developed pressure (Fig.  1 , B and C) and reduced LDH release during reperfusion (Fig. 1D ) compared with untreated hearts, supporting that inhibition of calpain decreases cardiac injury in isolated mouse hearts during IR.
Administration of MDL prevents cytosolic calpain activation during IR. IR activates cytosolic calpains in a number of animal models. The cleaved product of spectrin is commonly used as a marker of cytosolic calpain activation. IR increased the formation of the cleaved spectrin compared with time control (Fig. 2A) , supporting that cytosolic calpains are activated during IR. MDL treatment decreased the formation of the cleaved spectrin compared with untreated hearts (Fig. 2A) ; supporting that MDL treatment attenuates cytosolic calpain activation.
MDL inhibits mit-CPN1 activity in a dose-dependent manner. Exogenous calcium was used to activate mit-CPN1 in isolated control mouse heart mitochondria. Incubation of MDL with control mitochondria markedly decreased mit-CPN1 activity (Fig. 2B) . These results indicate that MDL can effectively inhibit mit-CPN1 in isolated mouse heart mitochondria.
Administration of MDL improves oxidative phosphorylation in mouse heart mitochondria following IR. The rate of oxidative phosphorylation was decreased in intact mouse heart mitochondria following IR. Compared with time control, the rate of glutamate ϩ malate oxidation and succinate oxidation was decreased by 47% (Fig. 3A) or 34% (Fig. 3B) , respectively, following IR. In MDL-treated hearts, the rate of glutamate ϩ malate oxidation dramatically improved compared with untreated hearts (Fig. 3A) . However, the succinate oxidation was not improved (Fig. 3B) . These results indicate that inhibition of calpain during IR attenuates the IR-induced impairment of the proximal ETC.
Administration of MDL improves complex I activity in mouse heart mitochondria following IR. The activities of complex I and citrate synthase (CS) were determined in detergent-solubilized mitochondria. The complex I activity was significantly decreased in mitochondria following IR compared with time control (Fig. 3C) . MDL treatment dramatically improved complex I activity compared with untreated heart mitochondria following IR (Fig. 3C ). There were no differences in CS activity between groups (Fig. 3D) . The decreased ratio of complex I to CS in IR-damaged mitochondria further supported that complex I defect was not due to the loss of mitochondrial content (Fig. 3E) .
Administration of MDL decreases the MPTP opening in mouse heart mitochondria following IR. CRC was used to assess the susceptibility to MPTP opening in isolated heart mitochondria (39). Cardiac mitochondria were isolated from time control, untreated, and MDL-treated hearts at the end of perfusion. A representative tracing of CRC measurement is shown in Fig. 4A . Compared with time control, the CRC in untreated mitochondria following IR was decreased by 38% (Fig. 4B) . MDL treatment significantly improved CRC compared with untreated hearts (Fig. 4B) . These results indicate that activation of calpains during IR sensitizes to MPTP opening in mouse heart mitochondria.
Administration of MDL inhibits MPTP opening in isolated mitochondria. Administration of MDL in buffer-perfused hearts inhibits both cytosolic and mitochondrial calpain. Thus the purified cardiac mitochondria that avoid cytosolic contamination were used to test if MDL treatment can decrease MPTP opening in isolated mitochondria. The opening of the MPTP results in a permeation of the IMM that leads to the loss of ⌬. Thus ⌬ was used to reflect the MPTP opening in mitochondria incubated with exogenous calcium. The ⌬ was determined in isolated mitochondria using glutamate ϩ malate as substrates. ADP (2 mM) was used to induce mitochondrial inner membrane depolarization. The ⌬ was reflected by the change of the intensity of TMRM fluorescence before and after ADP addition (Fig. 4C) . The ⌬ was depolarized in mitochondria exposed to exogenous calcium in a dose-dependent manner (Fig. 4, C and D) . Cyclosporine A, a known MPTP inhibitor, prevented the depolarization of the ⌬ in calcium-treated mitochondria (Fig. 4D) , supporting that the depolarized ⌬ was due to MPTP opening. MDL treatment improved the ⌬ in calcium-treated cardiac mitochondria, suggesting that activation of mit-CPN1 contributes to MPTP opening.
Administration of MDL did not alter cyclophilin D content in mitochondria following IR. Cyclophilin D is a key factor to regulate MPTP opening. Compared with time control, IR did not markedly alter cyclophilin D content in mouse heart mitochondria. There was no difference in cyclophilin D content between untreated and MDL-treated mitochondria following IR (Fig. 5A) . These results suggest that the decreased MPTP opening in MDL-treated mitochondria is not due to altered cyclophilin D content.
Administration of MDL protects the PDH content in mouse heart mitochondria following IR. PDH ␣ 1 -subunit content in cardiac mitochondria was determined by immunoblotting. IR markedly decreased PDH content compared with time control. MDL treatment preserved the PDH content compared with untreated mitochondria following IR (Fig. 5B) . These results suggest that activation of mit-CPN1 contributes to PDH degradation during IR.
DISCUSSION
In the present study, we show that mit-CPN1 exists in both IMS and matrix in mouse heart mitochondria. Administration of a calpain inhibitor decreases cardiac injury in buffer-perfused hearts during IR. Inhibition of calpain improves oxidative phosphorylation with complex I substrates following IR. Direct enzyme activity measurement shows that inhibition of calpain protects complex I activity. Inhibition of mit-CPN1 also attenuates the degradation of PDH during IR. These results suggest that activation of mit-CPN1 in the matrix inhibits metabolism by inducing complex I damage and PDH degradation during IR. Calpain inhibition improves the CRC following IR, suggesting that calpain activation contributes to MPTP opening. In purified heart mitochondria, administration of calpain inhibitor attenuates the exogenous calcium-mediated depolarization of the ⌬, supporting that activation of the mit-CPN1 contributes to MPTP opening.
Activation of mit-CPN1 contributes to cardiac injury during IR (11, 14) . In a previous study, activation of mit-CPN1 within the IMS augments cardiac injury during reperfusion by inducing a translocation of AIF from mitochondria to cytosol and nucleus (11, 14, 52 ). In the present study, we found that activation of matrix-localized mit-CPN1 impairs energy generation and sensitizes to MPTP opening during IR. Thus, in addition to AIF release, activation of mit-CPN1 increases cardiac injury during IR through direct damage of the ETC. MPTP opening results in a release of the IMS proteins, including AIF and cytochrome c, into cytosol that increases cardiac injury through caspase-dependent and independent cell death pathways (14, 55) .
Administration of calpain inhibitor to isolated rabbit hearts improves oxidative phosphorylation using complex I substrates (35, 48) . In the present study, inhibition of calpain using MDL also improves oxidative phosphorylation in mouse heart mitochondria using complex I substrates, but not with complex II substrates. Direct measurement of complex I activity shows that IR decreases complex I activity. In contrast, inhibition of the mit-CPN1 using MDL improves the complex I activity in mitochondria following IR. These results suggest that activation of the mit-CPN1 damages complex I during IR.
In addition to the ETC damage, IR also decreases the content of multiple metabolic enzymes within the matrix, including PDH, malate dehydrogenase, and succinate dehydrogenase (16, 31, 49) . In buffer-perfused mouse hearts, IR dramatically decreased the contents of PDH, malate dehydrogenase, and succinate dehydrogenase compared with time control. Protective modulation of mitochondrial respiration using amobarbital preserved these enzyme contents in mitochondria following IR (54). These results suggest that the mitochondrial respiratory chain is the source of injury that ultimately causes enzyme loss during IR. In the present study, we tested if activation of mit-CPN1 contributes to PDH loss during IR. PDH is selected as our target protein in the present study in that PDH is the gate keeper for metabolic production of NADH from glucose to flow into the ETC (49) . MDL treatment preserves PDH content in mouse heart mitochondria following IR, supporting that activation of calpain within the matrix contributes to PDH damage during IR. In addition to mit-CPN1, mitochondrial CPN10 does exist within heart mitochondria (2). However, CPN10 is not sensitive to inhibition by MDL (11) . These results support that activation of the matrix-located mit-CPN1 contributes to PDH damage in mouse heart mitochondria. MPTP opening contributes a critical role in cardiac cell death during IR (46, 51) . In cultured hepatocytes, administration of calpain inhibitors attenuates the microcystin-LR-induced depolarization of the ⌬ (17), suggesting that activation of calpain contributes to MPTP opening. In the present study, administration of calpain inhibitor in buffer-perfused hearts also improves the CRC in cardiac mitochondria following IR, supporting that calpain activation is involved in MPTP opening. Since CPN1 exists in both cytosol and mitochondria, administration of a calpain inhibitor (or knockdown of protein content) at the organ or cell level is unable to differentiate the role of mit-CPN1 vs. cytosolic CPN1 (14) . A recent study shows that cytosolic CPN1 can transfer into mitochondria during chronic lipopolysaccharide treatment (36) . However, mit-CPN1 content is not altered in mouse heart mitochondria following acute IR (14) . Thus activation of cytosolic CPN1 is less likely to directly access and cleave matrix and inner membrane proteins. Activation of the cytosolic calpain may increase MPTP opening through indirect mechanisms via myocyte calcium overload (15) . Activation of cytosolic calpain during IR can lead to intracellular calcium overload by cleaving Na ϩ -K ϩ -ATPase, Ca 2ϩ -ATPase, H ϩ /Na ϩ exchanger, and Na ϩ /Ca 2ϩ exchanger (23, 25, 26) . The intracellular calcium overload will increase mitochondrial calcium concentration and trigger MPTP opening when the calcium concentration reaches the threshold. Therefore, administration of calpain inhibitor in buffer-perfused hearts can also decrease MPTP opening by inhibiting cytosolic calpains.
Mitochondrial calcium overload is one of the key factors to induce MPTP opening (51) . To clarify the role of the mit-CPN1 in the MPTP opening, purified heart mitochondria without cytosolic contamination must be used. Our study shows that inhibition of mit-CPN1 using MDL attenuates the exogenous calcium-induced depolarization of the ⌬. In the present study, MDL dose-dependently inhibits mit-CPN1 activity in control mouse heart mitochondria. CPN10 is less sensitive to MDL inhibition (11) . MDL treatment decreases the depolarization of the ⌬ in calcium-treated liver mitochondria, indicating that activation of the mit-CPN1 sensitizes the MPTP opening (17) . Thus our results provide the direct evidence that activation of the mit-CPN1 contributes to the MPTP opening in cardiac mitochondria. Although the mechanism by which activation of mit-CPN1 increases MPTP opening is not clear, several potential factors may contribute to mit-CPN1-induced MPTP opening. Cyclophilin D within the matrix is a critical regulator of the MPTP opening. Posttranslational modification of the cyclophilin D, including acetylation, favors MPTP opening (19, 30) . However, there is no difference in cyclophilin D content between MDL-treated and untreated mouse heart mitochondria following IR (Fig. 5A ). There are also no cleaved bands of cyclophilin D detected in mouse heart mitochondria following IR. These results suggest that activation of mit-CPN1 is less likely to increase MPTP through cleavage of cyclophilin D. Genetic ablation of a complex I subunit sensitizes to MPTP opening in mouse heart mitochondria (30) . The activity of mit-CPN1 is increased following IR (14) . Administration of calpain inhibitor in buffer-perfused heart attenuates complex I damage. Thus activation of the mit-CPN1 may sensitize the MPTP opening by impairing complex I during IR. In a recent study, activation of mit-CPN1 has been shown to cleave ATP synthase ␣-subunit in mouse heart mitochondria (36) , suggesting that subunits of ATP synthase are potential substrates of mit-CPN1. Although the c-subunit but not ATP synthase ␣-subunit is a potential component of MPTP (1), the interaction between mit-CPN1 activation and c-subunit of ATP synthase needs to be investigated.
MPTP opening in response to calcium overload during IR has been ascribed solely to the actions of cyclophilin D (3). The present work supports a contributing role for activation of mitochondria-localized calpains. Based on studies of isolated, intact mitochondria, it is likely that mit-CPN1 localized to the matrix enhances susceptibility to MPTP. Thus calcium-mediated mitochondrial injury not only is a consequence of calcium-activated MPTP opening via cyclophilin D (3, 21, 22) , but involves activation of mitochondrial localized calpains as well (11, 17, 42) .
Several limitations of the present study are relevant to the need for additional work. MDL is a classic CPN1 inhibitor, but it also has off-target effects, especially in high concentrations. Although our pharmacological approach provides a potential link between mit-CPN1 activation and MPTP opening, a genetic approach is needed to further clarify the role of mit-CPN1 activation in MPTP opening. CPN2 has been found in the rat heart mitochondria (42) . However, only mit-CPN1 is found in the purified mouse heart mitochondria. Currently, CPN1 and CPN2 are identified in mitochondria mainly based on immunoblotting results. Since knockout of CPN2 is embryotic lethal, a genetic approach to develop a conditional knockout of CPN2 will be needed to further study the potential role of CPN2 in mouse heart mitochondria.
Reversible inhibition of complex I decreases cardiac injury during IR, indicating that the manipulation of complex I activity is a valuable approach to decrease cardiac injury (10) . However, persistent complex I damage increases cardiac injury during reperfusion by impairing energy generation and increas- ing MPTP opening (30) . Activation of mit-CPN1 leads to complex I damage and MPTP opening, indicating that targeting mit-CPN1 for inhibition is a novel strategy to decrease cardiac injury during reperfusion. In addition to the matrixfacing ETC subunits and cyclophilin D, multiple metabolic enzymes are located within the matrix. Investigation of the relationship between the activation of mit-CPN1 and the degradation of the metabolic enzymes also will provide new insights to understand the mechanism of IR injury. Our results will further help to develop focused approaches to decrease cardiac injury by manipulating the mit-CPN1 activity during IR. 
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